In the present study we assess a new model for classical conditioning of odor preference learning in rat pups. In preference learning ␤ 1 -adrenoceptors activated by the locus coeruleus mediate the unconditioned stimulus, whereas olfactory nerve input mediates the conditioned stimulus, odor. Serotonin (5-HT) depletion prevents odor learning, with 5-HT 2A/2C agonists correcting the deficit. Our new model proposes that the interaction of noradrenergic and serotonergic input with odor occurs in the mitral cells of the olfactory bulb through activation of cyclic adenosine monophosphate (cAMP). Here, using selective antibodies and immunofluorescence examined with confocal microscopy, we demonstrate that ␤ 1 -adrenoceptors and 5-HT 2A receptors colocalize primarily on mitral cells. Using a cAMP assay and cAMP immunocytochemistry, we find that ␤-adrenoceptor activation by isoproterenol, at learning-effective and higher doses, significantly increases bulbar cAMP, as does stroking. As predicted by our model, the cAMP increases are localized to mitral cells. 5-HT depletion of the olfactory bulb does not affect basal levels of cAMP but prevents isoproterenol-induced cAMP elevation. These results support the model. We suggest the mitral-cell cAMP cascade converges with a Ca 2+ pathway activated by odor to recruit CREB phosphorylation and memory-associated changes in the olfactory bulb. The dose-related increase in cAMP with isoproterenol implies a critical cAMP window because the highest dose of isoproterenol does not produce learning.
In the present study we assess a new model for classical conditioning of odor preference learning in rat pups. In preference learning ␤ 1 -adrenoceptors activated by the locus coeruleus mediate the unconditioned stimulus, whereas olfactory nerve input mediates the conditioned stimulus, odor. Serotonin (5-HT) depletion prevents odor learning, with 5-HT 2A/2C agonists correcting the deficit. Our new model proposes that the interaction of noradrenergic and serotonergic input with odor occurs in the mitral cells of the olfactory bulb through activation of cyclic adenosine monophosphate (cAMP). Here, using selective antibodies and immunofluorescence examined with confocal microscopy, we demonstrate that ␤ 1 -adrenoceptors and 5-HT 2A receptors colocalize primarily on mitral cells. Using a cAMP assay and cAMP immunocytochemistry, we find that ␤-adrenoceptor activation by isoproterenol, at learning-effective and higher doses, significantly increases bulbar cAMP, as does stroking. As predicted by our model, the cAMP increases are localized to mitral cells. 5-HT depletion of the olfactory bulb does not affect basal levels of cAMP but prevents isoproterenol-induced cAMP elevation. These results support the model. We suggest the mitral-cell cAMP cascade converges with a Ca 2+ pathway activated by odor to recruit CREB phosphorylation and memory-associated changes in the olfactory bulb. The dose-related increase in cAMP with isoproterenol implies a critical cAMP window because the highest dose of isoproterenol does not produce learning.
The olfactory bulb is an excellent preparation for demonstrating classical conditioning. Odor preferences can be produced in rat pups as young as 1 wk when an odor (conditioned stimulus, or CS) is paired with any of several unconditioned stimuli (UCS) including milk, stroking, or even mild footshock (Sullivan and Wilson 1994; Sullivan et al. 2000a ). The learning is localized to the olfactory bulb (Sullivan et al. 2000b) , and modifications of the electrical (Wilson et al. 1987; Wilson and Leon 1988) and metabolic Sullivan et al. 1991 ) activity of the olfactory bulb are observable after conditioning. Olfactory bulb norepinephrine (NE), acting through ␤-adrenoceptors, is both necessary and sufficient as a neural substrate for the UCS (Sullivan et al. 2000b ).
Based on these data and others, Sullivan and Wilson (1994) suggested that learning results from the disinhibition of mitral cells, which permits activation of NMDA receptors and could promote long-term potentiation-like changes in the olfactory-granule-cell-mitral-cell connection. In this scenario, NE input from the locus coeruleus to the olfactory bulb acts as the UCS by inhibiting granule cell interneurons in the bulb through ␤-adrenoceptors to produce disinhibition.
In contrast to the disinhibition model, other data suggest the action of the UCS occurs directly on mitral cells rather than through the intermediary granule cells (McLean et al. 1999) . Granule cells show only weak responses to the ␤-adrenoceptor agonist isoproterenol, but show much larger responses to ␣-adrenoceptor agonists (Trombley 1992; Trombley and Shepherd 1992; Trombley 1994; Mouly et al. 1995; Czesnik et al. 2002) , and disinhibition of mitral cells is also driven by ␣-adrenoceptor agonists (Trombley 1992; Trombley and Shepherd 1992; Trombley 1994; Czesnik et al. 2002 ; but see Wilson and Leon 1988; Okutani et al. 1998) .
Stroking (tactile stimulation that increases NE levels; Rangel and Leon 1995) or isoproterenol paired with an odor produces learning (Langdon et al. 1997) , and the same parameters induce phosphorylation of cAMP response element binding protein (CREB) in the mitral cells (McLean et al. 1999; Yuan et al. 2000) . CREB phosphorylation is significantly increased in the olfactory quadrant that receives the odor input (McLean et al. 1999) . Likewise, the conditioning procedure produces potentiation of the glutamatergic olfac-tory input to the mitral cells (Yuan et al. 2000 ). An interesting feature of the isoproterenol-induced odor preference learning is that it benefits from coactivation of the serotonergic system. 5-HT depletion of the olfactory bulb prevents learning with a 2-mg/kg dose of isoproterenol, but higher doses of isoproterenol, 4 mg/kg (Langdon et al. 1997) or 6 mg/kg (Yuan et al. 2000) , can overcome the deficit. Pharmacological studies using ritanserin and DOI suggest the 5-HT 2A/2C receptor is the critical receptor mediating the 5-HT depletion effect (Price et al. 1998 ), but 5-HT 2A/2C receptor activation alone does not produce learning (McLean et al. 1996) . 5-HT acting through 5-HT 2A/2C receptors, as assessed with ritanserin, ketanserin, and DOI, has been shown to potentiate ␤-adrenoceptor activation in rat neocortex, resulting in enhanced cAMP production (Morin et al. 1992; Rovescalli et al. 1993) .
We hypothesize that the critical UCS event in olfactory learning is the production of cAMP in mitral cells. CREB phosphorylation results from the convergence of the UCS cAMP signal and the CS arising from the odor stimulus and traveling via the olfactory nerve. This model parallels that proposed for sensory learning in Aplysia (Kandel et al. 2000) .
In the present study, we pursue three lines of evidence in support of a direct action of NE on mitral cells as the neural substrate for early olfactory learning. First, selective antibodies for the ␤ 1 -adrenoceptors and the 5-HT 2A receptor are used to examine the localization and colocalization of these two receptors in the olfactory bulb. Second, the expression of cAMP following odor preference conditioning is examined with a cAMP assay. The dependence of ␤-adrenoceptor activation of cAMP signaling on normal lev-els of 5-HT input was also tested using 5-HT depletion. Third, the localization of cAMP increases associated with odor preference conditioning is examined immunocytochemically in the olfactory bulb.
We predicted we would find mitral cell colocalization of ␤ 1 -adrenoceptors and 5-HT 2A receptors in Experiment 1. We had three predictions with respect to variations in cAMP levels in Experiment 2. First, an effective UCS (e.g., stroking or 2 mg/kg isoproterenol in normal rat pups) would produce an increase in cAMP. Second, in rat pups with 5-HT depletion in the olfactory bulbs, these UCSs would no longer increase cAMP. Third, an ineffective UCS in normal pups (e.g, saline or 4 mg/kg isoproterenol) would be associated with lower levels of cAMP.
Although ␤-adrenergic and serotonergic receptor colocalization on mitral cells, together with cAMP synergism, are key requirements of the present hypothesis, a more convincing demonstration of the hypothesis would include localization of the cAMP increase itself to the mitral cells. This is undertaken in Experiment 3, with cAMP immunocytochemistry following odor paired with the learning-effective 2 mg/kg dose of isoproterenol. In the same pups, one bulb was depleted of 5-HT. cAMP increases would not be predicted in mitral cells of the 5-HT-depleted bulb.
RESULTS

Experiment 1: 5-HT 2A Receptor and ␤ 1 -Adrenoceptor Localization
Microwave Irradiation and ␤ 1 -Adrenoceptor Labeling
We observed substantially improved immunocytochemical labeling of ␤ 1 -adrenoceptors in olfactory bulb sections by using the microwave procedure described in Materials and Methods ( Fig. 1 , A vs. B). Strong immunocytochemical staining was observed in the mitral cells and tufted cells. Label was mainly confined to the cytoplasm of the somata. Fainter label was observed in periglomerular cells and small subsets of granule cells. Without microwave irradiation, only faint, punctate labeling of cells was observed ( Fig. 1A) . Thus, microwave treatment produced enhanced visualization of cells immunoreactive for ␤ 1 -adrenoceptors within the bulb. To control for possible nonspecific staining resulting from microwave irradiation, some sections were incubated without the presence of the primary antibody. This procedure served as a 
negative control for ␤ 1 -adrenoceptor immunocytochemistry and produced no cellular label in the olfactory bulb, although nonspecific label of fiber bundles within the deep granule cell layer was present (data not shown).
Immunofluorescence Double Label
To investigate the targets of NE and 5-HT action, immunofluorescence double labeling of ␤ 1 -adrenoceptor and 5-HT 2A receptors was performed. Consistent with previous studies (Pompeiano et al. 1994; McLean et al. 1995; Hamada et al. 1998; Cornea-Hébert et al. 1999) , the mitral cell and external plexiform layers were intensely labeled by the 5-HT 2A -receptor antibody (Fig. 2D ). Labeled tufted cells were also found in the main olfactory bulb. Figure 3 shows CY3 immunofluorescence label of mitral cells in a postnatal day 35 (PND35) rat. In a few cells, both cell bodies and their dendrites were clearly labeled for the 5-HT 2A receptor. By using two-channel confocal imaging, we observed substantial ␤ 1 -adrenoceptor and 5-HT 2A -receptor double labeling of mitral and tufted cells in both young (e.g., PND10; Fig. 2A,B ) and older animals. The label of both receptors was mainly cytoplasmic as shown by punctuate label within the cytoplasm of mitral cells, illustrated in Figure 2 , C and D. This observation is consistent with the observation that Gprotein-coupled receptors are normally internalized (Tang et al. 1999; Chakraborti et al. 2000) .
Experiments 2A and 2B: cAMP Expression Following Odor Preference Training
cAMP expression in the olfactory bulb is increased by effective odor preference training protocols ( Fig. 4A ). It is also increased by protocols that do not produce odor preference learning. The groups receiving 2 mg/kg isoproterenol and 4 mg/kg isoproterenol paired with odor had significantly more cAMP than the odor-only control group (Repeated measures ANOVA, F 3 = 3.20, p < 0.05; Least significant differences tests, p < 0.05). The 1 mg/kg isoproterenol group was intermediate. From the histogram (Fig. 4A ) it also appears that isoproterenol increases cAMP in a dose-related manner.
Pups receiving stroking paired with odor also had significantly more cAMP than the naive control group (p < 0.01, paired t 1-tailed -test). Pups with stroking alone had the same mean cAMP levels as those with odor pairing and were also different from the naive control group (p < 0.05, paired t 1-tailed -test). The mean cAMP levels of the odor-only pups also did not differ from that of naive pups. This indicates that stroking, acting as the UCS, is sufficient to activate the cAMP cascade, but the CS (peppermint odor) appears to have no further influence on the level of cAMP expression during odor preference learning. 
In 5-HT-depleted olfactory bulbs, the level of cAMP was significantly (p < 0.05, t 2-tailed -test) reduced compared with nondepleted sides in both the 2-mg/kg and 6-mg/kg isoproterenol groups (Fig. 4B ). This indicates that 5-HT depletion reduces the ability of norepinephrine to activate cAMP during odor preference learning.
Experiments 3A and 3B: cAMP Immunocytochemistry Following Unilateral 5-HT Depletion and Isoproterenol Injection
Consistent with ␤ 1 -adrenoceptor and 5-HT 2A immunocytochemical localization, strong cAMP immunocytochemical staining was observed mainly in the mitral cells ( Fig. 5 ) and tufted cells. Only a few periglomerular cells and granule cells were stained. This indicates that NE action through the ␤ 1 -adrenoceptor observed here increases cAMP mainly in the output cells of the olfactory bulb. To support our hypothesis that NE and 5-HT act synergistically to enhance cAMP signaling in the CREB phosphorylation pathway, quantitative analysis of the relative optical density of the medial regions of mitral cell layers was performed on both the 5-HT-depleted bulbs and the control sides. Figure 6A shows that, after the pairing of isoproterenol and odor exposure, in 5-HT-depleted olfactory bulbs there was significantly (p < 0.01, paired t 2-tailed -test, n = 7) less cAMP staining in the mitral cell layer (reflected by relative optical density in medial regions) compared with that in the control side of the same animals. To determine if unilateral 5-HT depletion reduces the basal level of cAMP expression in mitral cells, cAMP immunocytochemistry was also performed on the olfactory bulbs of non-isoproterenol-injected pups. Figure 6B shows that there is no significant difference in the relative optical density of cAMP immunocytochemical staining in mitral cells in the 5-HT-depleted sides and the control sides. Comparisons were only made within animals to avoid variability arising from differences in the overall immunocytochemical reaction.
Therefore, in the present data, 5-HT depletion does not by itself reduce the basal level of cAMP expression, but it impairs the ability of isoproterenol to enhance cAMP signaling. This is consistent with our hypothesis that ␤-adrenoceptors and 5-HT 2 receptors are critical in early odor preference learning and interact via a synergistic promotion of cAMP in mitral cells of the olfactory bulb.
DISCUSSION
The major findings of this study are that ␤ 1 -adrenoceptors and 5-HT 2A receptors are localized on mitral cells in the olfactory bulb and that interaction of these receptors affects cAMP processing in mitral cells. cAMP expression is not directly affected by the loss of 5-HT, but its up-regulation by stimulation of ␤ 1 -adrenoceptors in the rat pup is impaired. Below we discuss the potential relevance of such interactions for early olfactory preference learning.
Cellular Localization of the ␤ 1 -adrenoceptor and the 5-HT 2A Receptor
Localization of 5-HT 2A receptor protein (Hamada et al. 1998; Cornea-Hébert et al. 1999 ) and mRNA (McLean et al. 1995) have been previously shown in mitral and tufted cells. Our result using immunofluorescence to label the 5-HT 2A receptor is consistent with these previous studies.
With the increased sensitivity of the present heat-induced antigen retrieval method for immunocytochemistry, we are the first to report substantial neuronal localization of the ␤ 1 -adrenoceptors in the olfactory bulb output cells. The Figure 4 cAMP expression in the olfactory bulb of PND6 pups immediately after various training sessions. (A) An increase in cAMP expression is observed with increasing ␤-adrenoceptor activation (isoproterenol) compared with saline-injected controls exposed to odor only at the time of training (N = 9; *: p < 0.05 compared with saline group). The act of stroking the pup appears to increase cAMP to levels equivalent to pups given stroking plus odor (N = 9; *: p < 0.05; **: p < 0.01). (B) 5-HT depletion reduces the isoproterenol-induced cAMP expression, which can be partially overcome by inducing more activation of ␤-adrenoceptors (via isoproterenol). *: p < 0.05; 5-HT-depleted bulb compared with normal control bulb within subjects. N = 4 for 6-mg/kg iso control group; N = 5 for the other three groups. (iso) Isoproterenol.
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finding that the receptor is localized primarily in the output cells of the bulb (mitral and tufted) and colocalized with 5-HT 2A receptors is consistent with the demonstrated functional interaction of these receptors in the olfactory bulb of the neonate rat and supports the present model of critical neural substrates. Our finding that the two receptor subtypes remain colocalized in older animals implies possible functional 5-HT/ NE interactions in the adult rat olfactory bulb that merit further investigation.
␤ 1 -Adrenoceptors localization in the olfactory bulb of rats has been briefly described in two survey papers (Wanaka et al. 1989; Nicholas et al. 1993 ). Both papers indicated weak localization of ␤ 1 -adrenoceptors (in situ hybridization, Nicholas et al. 1993) or ␤-adrenoceptors (immunocytochemistry, Wanaka et al. 1989 ) in the granule cell layer of the bulb as also is seen in a small subset of cells in the present study. A developmental binding study targeted to the olfactory bulb further indicated that most ␤ 1 -adrenoceptor binding occurred in layers other than the mitral cell layer and increased developmentally (Woo and Leon 1995) . In a later study the same investigators reported that locus coeruleus lesions increased ␤-adrenoceptor density in the glomerular layer (Woo et al. 1996) , suggesting that this region might be most responsive to locus coeruleus input. Such receptors could be on the dendrites of mitral cells projecting to the glomerular layer.
The reasons for the failure of the binding studies to identify mitral cells as important sites of ␤ 1 -adrenoceptors are unclear. As noted by Woo and Leon (1995) , because iodopindolol is biased toward the detection of ␤ 2 -adrenoceptors, even examining radiolabeling in the presence of a ␤ 2 -adrenoceptor antagonist may not be sufficient to eliminate some binding of ␤ 2 -adrenoceptors, which are numerous in the olfactory bulb. The profiles of the two receptors seen in the binding studies were identical except for additional external plexiform labeling for ␤ 2 -adrenoceptors. Mitral cells also have prominent internalized ␤ 1 -adrenoceptor labeling in the present study. Internalized receptors have low binding affinity (Flugge et al. 1997) , and their demonstration may depend critically on ligand concentration. Finally, Leon's laboratory, in a brief report (Ivins et al. 1993) using in situ hybridization methodology, identified ␤ 1 -adrenoceptor mRNA in mitral cells, consistent with the present observations.
Isoproterenol interacts with ␤ 2 -, as well as ␤ 1 -adrenoceptors, in the olfactory bulb. The present study does not rule out a role for the ␤ 2 -adrenoceptors in olfactory preference learning. In situ hybridization study demonstrates that ␤ 2 -adrenoceptors are more widely expressed than ␤ 1 -adrenoceptors in the olfactory bulb, being identified primarily in the granule cell and glomerular layers (Nicholas et al. 1993) . Their specific contribution to early olfactory learning remains to be identified.
Functional Significance of cAMP Activation via ␤ 1 -Adrenoceptors and 5-HT 2A Receptors in Output Cells of the Olfactory Bulb
cAMP increases accompanied both odor paired with stroking and odor paired with 2 mg/kg isoproterenol, the two effective learning conditions, as predicted by the present hypothesis. However, odor + stroking did not produce increases greater than those of stroking alone, although the odor + stroking group was less variable. In contrast to the present failure to detect an additional odor-induced increase in cAMP with odor pairing, the studies of pCREB using Western blots showed higher levels of pCREB in the odor + stroking than the stroking-only condition (McLean et al. 1999) . With 10% peppermint as the odorant, cells involved in the odor representation appear widespread and were sufficient to demonstrate the effect of pairing on pCREB. Thus, we would have expected sufficient sensitivity in the present design. If cAMP is not increased by odor pairing, it suggests that, unlike the Aplysia model in which sensory input and a monoaminergic input converge on adenylyl cyclase activation, in the rat pup olfactory bulb the sensory input influences learning by convergence on the pCREB pathway (see Fig. 7 ).
The hypothesis of receptor synergism in cAMP recruitment was tested in Experiment 2. As mentioned, 5-HT depletion prevents early olfactory preference learning produced by pairing odor with the normally optimal 2 mg/kg dose of the ␤-adrenoceptor agonist, isoproterenol. A higher, 
4-mg/kg or 6-mg/kg dose of isoproterenol, can, however, overcome the depletion effect and produce learning (Langdon et al. 1997; Yuan et al. 2000) . The higher 4-mg/kg dose of isoproterenol is normally ineffective as an UCS in normal pups (Langdon et al. 1997) . A dose of 6 mg/kg has also been shown to be ineffective in learning and in producing CREB phosphorylation in normal pups (Yuan et al. 2000) . Thus, isoproterenol-induced learning and CREB phosphorylation show parallel inverted U-curve profiles with increasing doses of isoproterenol. A similar inverted U-curve profile has been described for stroking-induced learning (Sullivan et al. 1991) , indicating that it may be a basic property of the learning system. The dose-dependent increase in cAMP with increasing isoproterenol did not support the initial hypothesis that biphasic agonist control of cAMP explains the inverted Ucurve seen behaviorally, electrophysiologically, and biochemically. Although biphasic cAMP control of behavior has been reported in other models (Ozacmak et al. 2002) , the present data indicate instead that there is an optimal level of cAMP activation, which can be exceeded. In the present model three possibilities suggest themselves: (1) Higher levels of cAMP recruit increased calcium entry, which might favor calcineurin-induced dephosphorylation;
(2) higher levels of cAMP promote greater phosphodiesterase 4 (PDE4) activation through protein kinase A (PKA; Ang and Antoni 2002) , and this may critically shorten the duration of the cAMP signal; and (3) elevated cAMP levels promote faster cAMP extrusion (Wiemer et al. 1982) , which, again, would shorten the signal duration. CREB phosphorylation has been shown to be enhanced by longer durations of cAMP signaling (Barad et al. 1998 ). Manipulation of calcineurin and measurements of the time course of cAMP elevation with varying doses of isoproterenol would test these hypotheses.
cAMP-regulated signaling pathways and the associated phosphorylation of CREB have been postulated as important mechanisms underlying learning and memory (Davis et al. 1995; Abel et al. 1997; Impey et al. 1998; Mons et al. 1999; Wong et al. 1999) . Aversive olfactory learning in Drosophila depends critically on this cascade (Zhong et al. 1992; Davis et al. 1995; Mons et al. 1999 ) and has several parallels with the rat pup model of olfactory learning. Both cAMP increases and CREB phosphorylation are thought to mediate the acquisition of odor aversion in Drosophila. Although cAMP levels in Drosophila have not been measured directly with training as in the present study, systematic manipulations of the components of the cAMP cascade produce predictable deficits in olfactory learning and memory (Zhong et al. 1992; Davis et al. 1995) . In addition, in the dunce mutants with reduced phosphodiesterase, cAMP levels are increased above normal, and olfactory learning and memory are deficient (Byers et al. 1981) . As in the present study, an impairment of the normal temporal dynamic of cAMP has been suggested to underlie the impairment in olfactory learning in Drosophila mutants with higher levels of cAMP.
The New Model of Noradrenergic-Mediated Early Olfactory Preference Learning in the Rat Pup
In the present study, we present the hypothesis that mitral cells, the main output cells in the olfactory bulb, are the postsynaptic cellular substrate for olfactory preference learning. Immunocytochemistry demonstrated the colocal- Significantly less cAMP level is seen in 5-HT-depleted olfactory bulbs compared with the control sides (N = 7, p < 0.01). (B) ROD of cAMP immunocytochemical staining in the 5-HT-depleted olfactory bulbs and the control bulbs of the same animals without isoproterenol injections or odor exposure. Note that there is no difference between these two groups (N = 5, p > 0.05), which indicates that 5-HT depletion by itself does not affect basal cAMP levels.
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ization of ␤ 1 -adrenoceptors and 5-HT 2A receptors in mitral cells. Manipulation of ␤-adrenoceptor activation and depletion of 5-HT affected cAMP levels in mitral cells in a predictable pattern. This profile of results supports the hypothesis that the ␤ 1 -adrenoceptor and 5-HT 2A/2C receptors interact in early odor preference learning via a synergistic promotion of cAMP in mitral cells in the olfactory bulb, as they do in neocortex (Morin et al. 1992) , and that the critical learning change occurs in the mitral cell processing of olfactory nerve input. This new model of olfactory preference learning mediated by ␤ 1 -adrenoceptor activation is illustrated at the circuit and intracellular level in Figure 7 . This model accounts for several aspects of what we have seen.
Isoproterenol paired at a learning-effective dose with olfactory nerve input potentiates the olfactory nerve EPSP including both NMDA and non-NMDA components (Yuan et al. 2000) . Such potentiation may be mediated by cAMPinitiated phosphorylation of NMDA and AMPA channels. Phosphorylation of L-Ca 2+ channels could also contribute to membrane depolarization and potentiation of NMDA currents. Closing of K + channels following isoproterenol, which has been reported in other systems (Karle et al. 2002) , is another mechanism by which depolarization might occur. The failure of higher levels of isoproterenol to produce the electrophysiological potentiation would again be related to an excess of dephosphorylation activity or a shortening of the elevation of cAMP.
Either odor-stroking pairings or odor-isoproterenol pairings also produce CREB phosphorylation (McLean et al. 1999; Yuan et al. 2000) . For this component an interaction of the cAMP cascade and Ca 2+ /calmodulin cascade is suggested to occur. In particular, Ca 2+ /calmodulin activates calmodulin kinases while PKA prevents phosphatase activation, resulting in a net phosphorylation of CREB (Impey et al. 1998; Wong et al. 1999) . PKA may also enhance activity of the MAPK pathway (Impey et al. 1998; Poser and Storm 2001) , but we have not yet characterized the role of this pathway in early olfactory learning. Again, excessive activation of the cAMP pathway that fails to activate CREB phosphorylation may truncate the duration of the cAMP signal or have phosphatase-promoting consequences.
The approach behavior of rat pups 24 h following odor-UCS pairing is thought to be linked to these initiating events. Optical imaging experiments in trained pups indicate increased activation in the olfactory bulb to the conditioned odor, but not to a control odor, 24 h after training (Yuan et al. 2002) . Pairing odor with local infusion of isoproterenol in the rat pup is sufficient to produce the approach response (Sullivan et al. 2000b ). It appears that a change in the representation of the odor in the olfactory bulb determines the response. However, we do not even know why some odors are inherently attractive. A study of the bulbar representation of such odors might be helpful. Our data indicate that the odor representation potentiates, both NMDA and AMPA components of olfactory nerve input, are strengthened during acquisition procedures (Yuan et al. 2000) , whereas activation probed by optical imaging is stronger 24 h later (Yuan et al. 2002) . How this increased activation is coupled to approach behavior is unknown. The present model with its emphasis on the role of the ␤ 1 -adrenoceptor on mitral cells does not rule out a role for disinhibition in normal learning. ␤-Adrenoceptor-mediated disinhibition (Wilson and Leon 1988; Okutani et al. 1998 ) has been reported in pups and adults in the olfactory bulb and might occur via the ␤ 2 -adrenoceptor on granule cells (Nicholas et al. 1993) . Other ␣-adrenoceptor-mediated disinhibitory effects have been documented (see above). Such disinhibition could further support the ␤ 1 -adrenoceptor mechanisms identified here.
Finally, the present model is closely related to the learning 
www.learnmem.org model well-described for Aplysia. Indeed, the Kandel group originally suggested that norepinephrine in mammals might play the role of 5-HT in Aplysia (Brunelli et al. 1976 ). The present model follows that suggestion. A key difference between the two models would appear to be in the coincidence detection mechanism. In Aplysia, adenylyl cyclase itself is the coincidence detector for the CS and UCS, and higher levels of cAMP determine the occurrence of learning. In the present model, high levels of cAMP alone do not consistently produce learning, and the CS pathway appears to interact with the UCS pathway at a later stage.
MATERIALS AND METHODS
All experimental procedures were approved by the Memorial University Institutional Animal Care Committee and conform to the standards set by the Canadian Council on Animal Care.
Experiment 1
Animals and Sacrifice
Both young (PND6-PND12) and older (PND30-PND50) Sprague-Dawley rats totaling 26 rats from 22 litters were used in this study. The rats were anesthetized with an overdose of sodium pentobarbital and perfused as described previously (McLean et al. 1999 ).
Immunocytochemistry/Immunofluorescence
Frozen sections were cut coronally through the olfactory bulbs at 30 µm using a cryostat. The sections were either melted directly onto subbed slides or collected floating in cold PBS. The sections were processed for the ␤ 1 -adrenoceptor and/or the 5-HT 2A receptor using immunocytochemistry or immunofluorescence. For the ␤ 1 -adrenoceptor immunocytochemistry, briefly, cryostat-mounted sections were air-dried at room temperature for 5-10 min, then incubated in primary antibody (␤ 1 -adrenoreceptor Ab, 1:1000; Oncogene) in 0.2% Triton X-100, 2% normal goat serum (NGS) in PBS at 4°C overnight. Secondary antibody processing and visualization using diaminobenzidine dihydrochloride (DAB) was as described previously (McLean et al. 1999) .
For fluorescence double labeling, the sections were collected free-floating in 0.1 M PBS, followed by incubation at 4°C overnight in primary antibodies. Both the 5-HT 2A receptor antibody (1:500; Pharmingen) and the ␤ 1 -adrenoceptor antibody (1:1000) were dissolved in 0.2% Triton X-100 and 2% NGS in PBS. After three 10-min rinses in PBS, the sections were incubated in goat anti-mouse IgG conjugated to CY3 (1:400; Jackson ImmunoResearch) and goat antirabbit IgG conjugated to FITC (1:50; Sigma) or Alexa 488 (1:1000; Molecular Probes) dissolved in 2% NGS and 0.2% Triton X-100 in PBS for 1 h. The sections were rinsed three times for 10 min in PBS and mounted on subbed microscope slides.
To improve the results of immunocytochemistry and immunofluorescence, a heat-induced antigen retrieval protocol was used. Heat assists in unmasking the epitopes or antigens that are hidden as a result of protein cross-linking induced by formaldehyde fixation (Shi et al. 1991; Cattoretti et al. 1993; Jiao et al. 1999) . In this study, microwave irradiation was used before the commencement of immunostaining. Briefly, both slide-mounted sections and freefloating sections were placed in a microwave in containers containing 0.1 M PBS solution (pH 7.4) . Irradiation at the maximum setting for 1-2 min raised the temperature of the PBS solution to 90°-95°C, after which the power setting was adjusted to keep the solution at a constant temperature of 90°-95°C for 10 min. The sections were kept in the PBS for another 20 min to cool down. Standard immunocytochemical staining as described above was performed after the microwave irradiation. To exclude the possible nonspecific staining resulting from microwave irradiation, sections with no primary antibody incubation were also included in the experiment.
Image Processing
For DAB-stained sections, the olfactory bulbs were examined using bright-field microscopy. For fluorescence, two channels of a confocal microscope (Olympus Fluoview) or an epifluorescence (mercury lamp) microscope were used. The confocal processing provided scans of 0.25 µm thickness, which enabled unequivocal cellular localization of the label. Images were captured digitally with either the Fluoview confocal software or with a Spot digital camera.
Experiments 2A and 2B
In Experiment 2A, 63 Sprague-Dawley rat pups of both sexes from nine litters were used. Seven training groups were included in this experiment. In Experiment 2B, 10 rat pups from five litters were subjected to unilateral 5-HT depletions of the olfactory bulbs on PND1 and given either 2 mg/kg or 6 mg/kg isoproterenol (␤ 1adrenoceptor agonist; Sigma) injections before training. All litters were culled to 12 pups/litter. No more than one pup of either sex from each litter was assigned to each training group.
Odor Conditioning and Drug Injection
The procedure for conditioning has been described in detail before (Langdon et al. 1997; Price et al. 1998; McLean et al. 1999; Yuan et al. 2000) . Briefly, on PND6, saline or isoproterenol (1 mg/kg, 2 mg/kg, and 4 mg/kg for Experiment 2A; 2 mg/kg and 6 mg/kg for Experiment 2B) was injected subcutaneously into normal pups (Experiment 2A) or pups with unilateral 5-HT depletion of olfactory bulbs (Experiment 2B) 40 min before their exposure to odor conditioning. The odor conditioning was performed by placing the pups on peppermint-scented bedding for a period of 10 min (0.3 mL of peppermint extract in 500 mL of fresh wood-chip bedding). Also, in this study, serotonergic fiber depletion was performed unilaterally in the olfactory bulbs. Either the low (2 mg/kg) or the high (6 mg/kg) dose of isoproterenol was injected systemically into the pups to investigate ␤-adrenergic interaction with serotonergic depletion in inducing cAMP cascade activation (Experiment 2B).
In Experiment 2A, some pups from the same litters were taken from their dams 10 min before they were subjected to one of the following three training conditions: odor + stroking (the pup was stroked by a sable brush every other 30 sec for a period of 10 min while the pup was placed on peppermint-bedding), strokingonly (the pup was subjected to stroking while it was placed on fresh bedding), and naive (the pup was placed on fresh bedding for 10 min). The purpose of this grouping was to investigate the cAMP levels when using a more natural learning paradigm than the isoproterenol-induced learning.
Immediately after training, the pups were killed by decapitation; both olfactory bulbs were removed from the skull and frozen on dry ice. In Experiment 2A, each pair of olfactory bulbs from a pup was placed in 1.5-mL centrifuge tubes, whereas in Experiment 2B, olfactory bulbs from each pup were put individually into a microcentrifuge tube because in each pup one bulb was subjected to 5-HT depletion and the other was not. All samples were subsequently stored at −70°C until they were assayed for cAMP content.
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5-HT Depletion
Unilateral 5-HT depletions of olfactory bulbs were performed to provide intraanimal controls for the effect of 5-HT on isoproterenolinduced cAMP expression. The procedure of 5-HT depletion has been previously described in detail (McLean et al. 1993) . Briefly, PND1 pups were removed from the dams, pretreated with 10 mg/ kg desipramine by intraperitoneal injection, and placed on fresh bedding. Then, 45 min later, after being anesthetized by hypothermia on ice, the pups were placed in a modified stereotaxic instrument, and 150 nL of 5,7-dihydroxytryptamine (5,7-dHT) in Ringer's solution plus 0.02% ascorbic acid was injected bilaterally into the anterior olfactory nucleus. Immunocytochemistry performed on the olfactory bulbs of some 5-HT-depleted pups confirmed 5-HT fiber depletion.
cAMP Assay
Olfactory bulb samples were homogenized in 300 µL of distilled water containing 4 mM EDTA. The homogenate was heated for 5 min in a boiling water bath to coagulate the protein, then centrifuged at 10,000 rpm for 5 min at 4°C. After centrifugation, the supernatant was removed and placed in a microcentrifuge tube. The pellet was kept for protein assay. cAMP in the supernatant was assayed using a radiolabeled cyclic AMP ( 3 H) assay kit (Amersham). The protein pellet was reconstituted by 500 µL of dH 2 O. The protein content of the samples was determined by a bicinchoninic acid (BCA) protein assay kit (Pierce). cAMP content is presented as picomoles per milligram of protein.
Experiments 3A and 3B
Animal Preparation
In these experiments, 12 Sprague-Dawley rat pups of both sexes from four litters were used. All pups were given 5-HT depletions of left olfactory bulbs on PND1 as described in Experiment 2. On PND6, in Experiment 3A, seven pups were subjected to 2-mg/kg isoproterenol injections (s.c.) 40 min before being placed on peppermint-scented bedding for 10 min. The pairing of 2 mg/kg isoproterenol and odor on PND6 normally induces odor preference in pups (Sullivan et al. 1989; Langdon et al. 1997) . Immediately after odor exposure, pups were killed by decapitation. The brains were removed from the skulls, fixed in ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer for 1 h, then kept in 20% sucrose and 1.5% paraformaldehyde in 0.1 M phosphate buffer overnight. The next day, the brains were transferred to a 20% sucrose solution for 1 h and then cut frozen at 30 µm using a cryostat. In Experiment 3B, 5 pups were killed directly on PND6, to test whether unilateral 5-HT depletion itself affects the basal level of cAMP in the olfactory bulb. Immediately after death, the brains were removed from the skull and processed as described in Experiment 3A.
Immunocytochemistry
Olfactory bulb sections were thawed onto subbed slides and processed using immunocytochemistry for cAMP and 5-HT (to confirm 5-HT depletions of the left olfactory bulbs). The cryostat-mounted sections were air-dried at room temperature for 5-10 min followed by 1 h of incubation in 2% NGS, 0.2% Triton X-100 in PBS at room temperature to block nonspecific binding. Sections were incubated in the primary antibody, cAMP (Chemicon; diluted 1:500, 1:1000, 1:3000, 1:5000) or 5-HT (INCStar; diluted 1:3000), in 0.2% Triton X-100, 2% NGS in PBS at 4°C overnight followed by standard immunocytochemical methods.
Image Processing and Analysis
The 5-HT depletions were confirmed under bright-field microscopy. Consistent with previous results (McLean et al. 1993) , the process produced >80% depletion of the 5-HT fibers of the left olfactory bulb as shown by immunocytochemistry. For cAMP immunocytochemistry, the relative amount of cAMP expression was quantified systematically by comparing the optical density (darkness) of label in the mitral cell layer from both bulbs. In each bulb, five sections at even intervals through the entire olfactory bulb were examined. Image analysis was performed by tracing the medial region of the mitral cell layer and an adjacent background region in the internal plexiform layer. Relative optical density was achieved by determining the difference of optical density between the region of interest and the background region divided by the optical density of the background region. All the slides from Experiments 3A and 3B were coded so that the person analyzing sections was blind to the treatment. The regional optical densities from both olfactory bulbs were compared statistically using the paired Student t-test.
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